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Abstract 
 
This thesis investigates the strength of hydrated bentonite plugs when used to plug and 
abandon coal seam gas wells and other oil and gas wells. A set of experiments was 
designed to measure the frictional strength between the steel casing walls and the 
hydrated plugs. 
The coefficient of friction between bentonite and steel casing was previously measured 
with Wyoming bentonite and found to be between 0.8 and 1.8, results that imply that 
friction is not the only force contributing to the plug strength (friction factor being bigger 
than 1). Calculations resulting from measurements in my experiments showed the 
coefficient of friction to be 1.92 for 0.0889 meter (3.5 inch) plugs and 5.5 for 0.1397 meter 
(5.5 inch) plugs. These coefficient of friction results suggest that the internal swelling 
forces should be considered as an additional term in the equation and more experimental 
work is required to evaluate internal swelling forces. Effect of swelling forces can be seen 
more in the larger plug sizes as the moisture content is higher and the calculated 
coefficient of friction is higher, in fact more than one. 
The relationship between the height of a bentonite plug and the pressure it can stand was 
investigated with a parabolic model, but, it has been postulated by different researchers to 
be both linear and parabolic. Because of experimental equipment limitations on casing 
size (plug size), the results of this research cannot lead to a clear conclusion on the 
relationship between the plug’s height and its dislodgment pressure as the experimental 
results fit both the linear and parabolic models. Further work is needed on several different 
casing sizes to test the true relationship.  
The plug failure mode was found to be frictional for these experiments but shear failure is 
also possible in practice depending on the size of the hydrated plugs. 
The experimental results on monitoring the hydration of a plug with a middle hole of 
0.0317 meter (1¼ inch) show that after 46 days of hydration time the middle hole has been 
filled in due to clay expansion. However, plug cuts show that more hydration time needed 
for middle of the plugs to be fully hydrated (Plugs were partially hydrated). 
The moisture content of the plugs after 48 days hydration were measured as 47% – 53% 
and 28% – 32% reducing with plug height for different plug sizes (0.0889 meter (3.5 inch) 
and 0.1397 meter (5.5 inch) dry plugs). 
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Chapter 1 Introduction 
 
Bentonite is mostly composed of any clay material that is predominantly a smectite 
clay mineral, usually montmorillonite (Ogden and Ruff, 1991). Bentonite, particularly 
industrial grades, is commonly composed of 85 percent or more montmorillonite. Clay 
minerals have small particle size and have the ability to absorb large quantities of water. In 
reaction with water sodium montmorillonite shows tendency to hydrate and expand while 
cement shows tendency to shrink. This property contributes to its potential as good 
alternative for plugging wells. Bentonite application has showed good rehealing properties 
and cost saving compare to cement.  
Currently coal seam gas (CSG) wells and all oil and gas wells are required to be 
plugged with cement.  However, this process has limitations because cement is expensive 
and prone to cracking and unsealing.   Bentonite is cheaper and easier to handle and 
when hydrated it creates a more reliable plug because it is malleable and self-healing 
when disturbed. Considerable laboratory data have already been acquired verifying the 
efficiency of the process and multiple field trials with bentonite plugging have been 
universally successful in USA and at least one in Australia.  In USA every state regulatory 
agency that oversees oil and gas development, also has wells that have been abandoned 
without being plugged that are now known as “orphan wells”.  For example, the Texas 
Railroad Commission (the oil and gas regulatory agency in Texas) has 20,000 orphan 
wells under its responsibility.  It has been estimated that there are between 1-2 million 
wells in United States waiting to be plugged and another 5 million that will eventually need 
to be plugged (Clark et al., 2003).   There are also an undetermined number of water wells 
and seismic shot holes that have to be plugged and the carbon sequestration business in 
the future will generate wells that also need to be plugged. In Queensland, there are 
thousands of coal seam gas wells that will eventually need to be plugged and abandoned 
(These wells will become available for abandoning by2030).   
Bentonite is abundant and Queensland has at least one operating bentonite mine. It 
is also widely mined in the US state of Wyoming, so there is no shortage of supply.  
Plugging wells with bentonite will require some regulatory changes and approval, which 
has already been done in some US states. However, the regulatory change is ongoing in 
Queensland. (At the first stage, Department of Natural Resources and Mines approved the 
abandoning program for the water well in Queensland Gas Company)  
This project includes an investigation of the properties of bentonite supplies in 
Queensland and experiments designed to demonstrate the plugging ability of bentonite 
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under various conditions. In addition, the result of the first set of lab results is used to get 
the approval from the Queensland Department of Natural Resources and Mines to plug 
and abandon a water well in Surat Basin. 
A successful field trial was carried out in 2016 in one of the Queensland Gas 
Company water wells to demonstrate the technology and its efficiency for both the 
operators and the regulators(Towler et al, 2016). The plan is to demonstrate the 
application of technology to plug oil and gas wells in an onshore environment and finally in 
an offshore environment. 
The process for plugging oil and gas wells is usually governed by regulations, which 
require the perforations in permeable zones to be isolated with “cement” plugs. It usually 
requires a work-over rig to pump and set these plugs, which represents a substantial 
plugging cost. This process also has limitations because cement may be relatively 
expensive and may be prone to shrinking, cracking and unsealing in some circumstances. 
Bentonite is postulated to have a more reliable sealing ability compared to cement. 
Bentonite is also cheaper and easier to handle and when hydrated it creates a more 
reliable plug because it is malleable and self-healing when disturbed.  
The costs to plug and abandon (P&A) a well can be substantial.  However, there is 
little hard cost data in the public domain for CSG wells in Australia. Unpublished data from 
operators in Australia estimates the cost of plugging and abandoning of a coalseam gas 
well in the Surat Basin is AUD$100,000 to AUD$500,000 and AUD$100,000 for an oil well 
in Cooper Basin. Another cost estimate shows cost of abandoning onshore wells in Barrow 
Island in Western Australia is one million dollars and offshore well in Western Australia is 
AUD$15 – 20 million.  
 In 2011, staff from the Oil and Gas Conservation Commission of Wyoming reported an 
estimate an average cost of US$7.31 per foot (ca. US$24 per metre or US$12,000 for a 
500m well) to plug and abandon coalbed methane (coal seam) gas wells in the Powder 
River Basin (Coal Seam Gas News, 2011).  
Kaiser et al. (2008) reviewed the P&A costs for the Gulf of Mexico. It was reported that 
the average cost to abandon an offshore well there had risen to $178,000 in 2007, from 
$107,000 in 2002.  The price would have been even higher if not for economies of scale 
and turnkey operations.  Using day rates the cost of well abandonment for offshore wells 
had peaked at $235,000/well in 2006.  The standard procedure for well abandonment 
using cement has been well-documented (Smith, 1993; Kelm and Faul, 1999 and Calvert 
and Smith, 1994).  In the oil and gas industry, the standard P&A procedure involves setting 
a cement plug across the perforations to isolate critical zones as well as intermediate and 
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near surface plugs.  This has usually involved the use of a work-over rig, but recently 
coiled tubing units have become popular for reducing costs (Barclay et al., 2004; Chong et 
al., 2000 and Tettero et al., 2004).  
The following paragraphs review the content of each chapter including literature 
review, equipment design, experiment design, sequence of the experiments, laboratory 
results and finally discussion, conclusion and recommendations. 
Chapter 2 reviews the literature on plugging wells with bentonite, its properties, 
limitations and applications, existing theory to calculate the dislodgement pressure and 
coefficient of friction.  
Chapter 3 reviews the equipment design and laboratory equipment used. 
Chapter4 reviews the experiment material and design, sequence of experiments, 
timing, and procedures in the three round experiments, measurement approaches and 
laboratory results.  
Chapter 5 discusses experiment results including coefficient of friction calculations, 
dislodgment pressure-plug height relationship, moisture content-hydrated plug height 
relationship, force calculations, plug cut tests, hydration time, bullet shape plugs swelling 
type, plug failure mode and finally latest field trial and suggested field trial plan in Australia.  
Chapter 6 discusses conclusion and recommendations.  
The main objectives of this report are to investigate the following: 
 Bentonite plug and steel casing friction coefficient 
 Height of bentonite plug and dislodgment pressure relationship 
(Linear/parabolic) 
 The plug composition 
 Monitor initial and final moisture content of the plug and define critical moisture 
content 
 Moisture content and friction coefficient relationship 
 Sensitivity of the dislodgment pressure to the effect of following parameters: 
o Casing size 
o Number of plugs 
 Hydration time and its effect on plug strength 
 Hydration rate by monitoring the diffusion of water in bullet shape plug 
In this thesis the METRIC unit has been used as a basic unit and oilfield unit has been 
used as alternative in parenthesis. (For the exception where we have diameter (inch) has 
been used). Although the word dislodgment pressure and breakthrough pressure has been 
used interchangeably.  
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Chapter 2 Literature Review 
 
2.1 Properties of Bentonite 
Bentonite is mostly composed of clay material that is predominantly a smectite clay 
mineral, usually montmorillonite (Ogden and Ruff, 1991). Bentonite, particularly industrial 
grades, is commonly composed of 85% or more montmorillonite (Bowen 1981). Clay 
minerals are composed of hydrous silicates of aluminium, iron, manganese and other 
metals. Clay minerals have small particle sizes (<2 microns) and have the ability to absorb 
large quantities of water (in some cases 100% or more of the weight of the clay particles) 
and ions on the surface and edges of the particles. (Ogden and Ruff (1991)). 
 
Bentonite is an insoluble yet absorbent clay rich material, which is formed via the 
breakdown of volcanic ash and consists mainly of crystalline clay minerals. Bentonite has 
a negative charge at the surface, as with other clay minerals. To compensate, cations are 
adsorbed and the capacity of cation adsorbed is called the cation exchange capacity 
(CEC). CEC represents the capacity of a substance to protect groundwater from cation 
contamination. For bentonite, CEC is 70-100 mEq/100g. In reaction with water, sodium 
montmorillonite (the principal component of bentonite) shows a tendency to hydrate and 
expand while cement shows a tendency to shrink. This property contributes to its potential 
as a good alternative for plugging wells.  
 
Abel Carlos Jacinto et al. (2016) assumed presence of three types of water in 
bentonite interlayers. As figure 1 shows, they considered the schematic of compacted 
bentonite sample showing the particle, aggregates and related aggregate and inter-
aggregate pore spaces.  
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Figure 1. Sketch of a Compacted Bentonite Sample (Abel Carlos Jacinto et al., 2016) 
 
They considered water in the interlayer space, on the external surface of the clay 
particles and the free water. Their experimental setup showed water attached to the 
expansive clays has different physical properties from those of free water in particular in 
densities higher than 1 g/cc. At long-term hydration conditions, their results suggest that 
water density is assumed variable depending on the hydration state of the expansive 
clays. Their work implies that small pores are first filled followed by large macrospores. 
 
2.2 Bentonite Application  
Bentonite has been used in different industries for abandoning wells and disposing 
nuclear wastes. Wyoming oil and gas commission has used ground bentonite chips to plug 
seismic holes (United States, 1984). Bucher and Muller-Vonmoos has mentioned the 
application of bentonite as containment barrier for the disposal of highly radioactive wastes 
(Switzerland, 1989). The application of bentonite to seal confined aquifer annulus has 
been reported by Ogden and Ruff (1991). Later, Chevron, Apache and Philips did trials to 
abandon water wells in West Texas (United States, 2002). The same technology has been 
used by Chevron in field trial in Barrow Island (Australia, 2002) and swamp well in Nigeria 
(2004). Towler et al. (2016) has reported the application of bentonite bullet shape plugs to 
abandon water well in Wyoming (United States, 2009) and most recently a water well in 
Queensland (Australia, 2016).  
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2.3 Bentonite Limitations 
In general, there are several methods for placing bentonite in a well. The first method is 
to place a bridge plug with a slick line and pour the bentonite onto the bridge plug. Another 
option is to separate the plugs with loose gravel. Water presence will hydrate and swell the 
bentonite. Bentonite has the problem of early swelling which can lead to plugging before 
reaching the intended depth. Simply pouring bentonite granules into the well tends to 
result in bentonite swelling and bridging soon after it hits the water column (Englehardt et 
al. (2001), Carl (2004)). This results in holding the bentonite at a place above where it 
needs to be. To remedy this, Towler et al. (2008) have proposed compressing the 
bentonite into bullet shape bars using a suitable binder. Chevron have alternatively 
proposed compressing the bentonite into fixed sized nodules (Englehardt et al., 2001). 
This delays the hydration kinetics and allows the bentonite to be deposited at the correct 
plug location before the swelling occurs. Chevron usually fills the entire hole with Zonite 
nodules but shorter plugs can also be separated by sand or gravel. 
 
DOGGR (The State of California Division of Oil, Gas and Geothermal Resources 
(DOGGR)) (2004) recommended that bentonite should not be used where any of the 
following conditions exist (local experience for Bakersfield and Coalinga districts): 
 
 Wells narrower than 0.0730 m(2-7/8 inch) diameter  
 Temperature greater than 48.8 ◦C (120 ◦F/579.51 ◦R) 
 Depths greater than 1220 m(ca. 4000 feet) 
 Zone pressure differential greater than3447.3 kPa (500 psi) 
 20-degree deviation from vertical  
 DOGGR also advised that bentonite should not be used as a squeeze material in a 
squeeze job plugging operation 
 
These recommendations were not based on any particular research but represent 
what is not yet known or tested.  In a similar vein, Carl M.A. (2004) stated that the main 
obstacles to bentonite P&A procedures are the presence of high saline fluids, downhole 
obstacles in the wellbore and highly deviated wellbores. 
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2.4 Previous Research and Field Trials 
Figure 2 is showing the schematic of abandoning a well using cylindrical bullet shape 
bentonite plugs, reservoir flow and pressure sources. 
 
 
Figure 2: Schematic of Abandoning Operation with Cylindrical Shape Bentonite Plugs 
 
The regulatory rules in most of abandoning practices require two-barrier policy. Towler 
et al. (2016) have reviewed the field trial and regulatory changes of plugging oil and gas 
wells in Texas, New Mexico, Oklahoma, Wyoming and Queensland. They mentioned the 
use of sealing material in shallow water wells and seismic shot holes (Wheaton et al. 1994, 
James 1996), radioactive waste disposal test sites (Bucher and Muller-Vonmoos 1989, 
Rometsch and Issler 1986) and oil and gas wells (Englehardt et al. 2001, Clark and 
Salsbury 2003). This review includes the use of bentonite nodules and cylindrical shape 
bentonite(More detailed explanation of these trials can be reviewed in most recent 
publication by Towler et al. (2016)). The best practice is to fill the hole from bottom to top 
with bentonite. 
The sealing of abandoned US water wells with bentonite has been an accepted 
practice for some time (see James, 1996). Knowledge concerning the nature of clay helps 
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to better understand the behaviour of bentonite seals. The shear strength of the annulus 
seal is a key factor for resisting hydrostatic forces that can cause seal motion and failure, 
particularly in seals of confined aquifers (Ogden and Ruff, 1991). The shear strength of 
bentonite within a well is time dependent and should be taken into account by well 
engineers to estimate the required time between seal constructions. If a well is developed 
before the seal gains the strength necessary to resist the subsequent axial hydrostatic 
forces, the structural integrity and efficiency of the annulus seal may be lost. This fact is 
especially important when bentonite is used for annulus seals (Ogden and Ruff, 1991). 
Ogden and Ruff (1991) investigated the axial shear strength of granular bentonite versus 
time for plugs in an annulus between the steel casing and PVC. Their shear strength 
values range 3.4 to 27.3 kPa (0.49 to 3.69 psi). They concluded that the average shear 
strength increased with setting time. 
Hydration time is an important parameter as it helps develop an accurate time 
estimation for pressure testing of a plug. Inaccurate estimation of hydration time can lead 
to a plug without complete hydration in the centre and consequent plug failure. Ogden and 
Ruff (1991) has also studied the role of hydration on the strength of bentonite plugs in 61 
cm height steel test section with 10.19 cm (4.inch) internal diameter. It was shown that 
bentonite plugs reached maximum strength after 72 hours of hydration. This hydration time 
was found to depend on the quality and type of the bentonite and loose granule size. 
Larger granules will take longer to fully hydrate, which means that the proposed 
compressed bentonite ‘cylinders’ will also take longer to fully hydrate. The failure pressure 
of bentonite plugs was shown to be a linear function of the shear strength, cross sectional 
area of the well and surface area of the well in contact with the plug.  
Testing the effect of temperature and salinity on plug hydration is of high importance, 
as these variables allow for the measurement of effective strength of bentonite in different 
wellbore environments. Anderson et al. (2013) investigated the effect of temperature and 
salinity on bentonite plug hydration. Experiments were conducted with plugs saturated in 
10,000 and 20,000ppm saline water as well as fresh water. The effect of temperature was 
also tested starting at 36.85 °C (310 K) and increasing in increments of (6.6 °C)266.48 °K. 
Results indicated that a bentonite plug hydrated in freshwater was significantly stronger 
than an identical plug hydrated in saline water. They reported that a 0.127 meter(5in) 
diameterX1.524 meter (5 ft) height plug in fresh water showed failure pressures from 
689.47kPa(100 psi)to 7584.23kPa(1100 psi) while plugs with 20,000 ppm salinity showed 
failure pressures from965.26kPa(140 psi) to 1378.95kPa(200 psi). They observed that as 
the salinity increases, the coefficient of friction decreases. This was consistent with their 
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previous finding, as an increase in salinity correlates to a decrease in dislodgment 
pressure, which is important to estimate the plug failure pressure. This is significant in 
determining the size of bentonite plugs and operational procedure to displace the saline 
water with fresh water prior to dropping plugs inside well. Figure 3 shows the results of 
their test comparing dislodgment pressure in fresh water, 10000 and 20000 PPM saline 
water over 200 days hydration time:  
 
 
Figure 3:  Comparison of Dislodgment Pressure in Different Salinities 
 (Fresh Water, 10000 and 20000 ppm by Anderson et al (2013)) 
 
Towler and Ehlers (1997) developed a theory to predict what pressure could be 
contained by a hydrated bentonite plug when inserted in a cased wellbore. The theory is 
discussed in section 2.5. The results obtained by Anderson et al. (2013) highlighted the 
sensitivity of the dislodgment pressure to temperature. Their tests showed that the 
dislodgment pressure of a 20,000 ppm granulated bentonite plug decreased from 344.73 
kPa (50 psi) to 55.15kPa (8 psi) by increasing the temperature from 37.78 °C(310.9 °K) to 
93.3 °C (366.48 °K). The temperature tests are important as elevated downhole 
temperature could produce significant differences compared to results obtained at an 
ambient temperature.  Anderson et al., (2013) also compared test results between 
granulated and compressed bentonite nodules. They found a significant difference as 
shown in figure 4 between these two forms with the compressed bentonite much stronger, 
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characterized by significantly higher dislodgment (breakthrough) pressures over 180 days 
hydration time. 
 
 
Figure 4: Comparison of Dislodgment (Breakthrough) Pressure for Granulated and 
Compressed Bentonite (Anderson et al, 2013) 
 
Clark and Salisbury (2003) reverse engineered the above theory and used the 
maximum reservoir pressure and casing size to predict the required length of compressed 
‘sodium bentonite’ (marketed as ZoniteTM) to abandon oil and gas well. The study reports 
that the material had so far been used in “over 50 wells across the USA”. They calculated 
that a15.24 meter (50 ft) plug was required for the conditions on Barrow Island with 
reservoir pressure of6894.8 kPa(1000 psi) for a 51/2” casing. However, a 60.96 meter(200 
ft) plug was selected to include a safety margin. Clark and Salisbury (2003) have also 
pointed out that the assessment of maximum possible pressure differentials, contingency 
between the length and safety factor which is typically 50% or more, and the pressure 
testing requirement by regulatory bodies have to be considered when establishing the 
length of the plug. A bentonite plug was pressure tested to a differential of 5171.06 
kPa(750 psi) in that trial. 
 
Taylor et al. (2009) conducted experiments (using experiment setup shown in figure 5) 
to test the healing ability of hydrated bentonite bars and the pressure contained by 
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bentonite bars in steel casing after they have healed. Different sets of experiments were 
run for various bentonite plug heights under different conditions including making holes in 
the centre of the plug by taking out the plug core and hydrating bentonite under 689.47 
kPa(100 psi) of pressure to simulate hydrostatic pressure in the wellbore. Wyoming oil and 
gas local regulations typically required a plug to be pressure tested to a minimum of 
2068.4 kPa (300 psi) for 15 minutes. They concluded that even plug heights of 2.43 
meters(8 ft)could withstand up to a2068.4 kPa(300psi) pressure differential(gradient: 37.5 
Psi/ft) in 4 ½ inch(0.114 meter) casing OD. They mentioned the observed failure 
mechanism in all tests was fluid channelling between the casing and the plug. Some of 
their samples were hydrated between 10 and 71 days. It was found that after failure the 
plugs re-healed when they were allowed to re-hydrate and the strength of the plug was 
found to increase after the initial failure so that the second time it took a higher pressure to 
cause it to fail. They also measured the properties of bentonite in high saline and high 
temperature environments but reached no definitive conclusions. This research was done 
to convince the Wyoming Oil and Gas Conservation Commission that plugging wells with 
bentonite was a viable method for oil and gas wells. As of 2015 the Wyoming Oil and Gas 
Commission has not issued a general order to allow for plugging wells with bentonite but 
they have allowed bentonite to be placed as the bottom plug in coal seam gas wells. The 
areas of uncertainty include the relationship between plug height and failure pressure 
(linear or quadratic), the effects of heat on plug rheology/integrity, and the ability of a 
bentonite plug to hydrate in a saline environment.  
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Figure 5: Lab Experiment Setup Used by Taylor et al. (2009) 
 
Bentonite has also been used in abandoning seismic shot holes. Wheaton et al. (1994) 
experimentally investigated subsurface applications of bentonite in seismic holes in 
Montana. They concluded that the bentonite cost was 40% of the cost of cement. 
Bentonite was also of most interest in sealing holes where ground motion is a concern due 
to its ability to re-seal after it is disturbed. 
James (1996) investigated the use of hydrated bentonite to plug water wells and 
seismic shot holes in wells ranging from 18.28 meter (60ft) to 76.2 meter (250 ft) deep. It 
was found that the hydration time of 21 hours was sufficient to hydrate the coarse ground 
bentonite (mined in Wyoming). It was also mentioned that bentonite has been used in the 
seismic industry to prevent aquifer intermingling in order to protect groundwater. 
Alternatively, bentonite can be used in the water well industry to seal the annular space 
between the casing and open-hole. 
The plugging of two abandoned oil wells in the Teapot Dome field in NPR-3 using 
Wyoming sodium bentonite was reported by Tyler (1998). They placed 100 ft(30.48 meter) 
of bentonite over the perforations and successfully tested them to the Wyoming 
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requirement of 2068.4 kPa(300 psi) held for 15 minutes. These wells have continued to be 
tested periodically since then and no failures in the plugs have been reported by the 
operator (RMOTC). 
The application of bentonite nodules (using the commercial name of ZoniteTM) was 
investigated by Chevron (Englehardt et al., 2001) to plug and abandon wells in California.  
Their team were required to abandon 1700 wells in less than two years. They concluded 
that the compressed sodium bentonite could be successfully placed in the wells and 
hydrated to form a sustainable plug. It was also discovered that compressed sodium 
bentonite could be used to form a plug in seawater 19000-23000 mg/L chloride and in 
saturated sodium chloride brine (189000 mg/L chlorides). They concluded that the 
hydration rate of compressed sodium bentonite increases with increasing temperature. A 
set of 19 wells in the Coalinga field was studied and based on the successful results; they 
obtained the approval of the Californian regulatory authority to proceed with the required 
plugging of the rest of the 1700 wells. That study is ongoing and as of 2015, Chevron had 
plugged more than 9000 wells with compressed bentonite nodules (ZoniteTM) at a rate of 
between 400-1000 wells per year. Clark and Salsbury (2003) examined the application of 
these Zonite nodules to plug wells by Chevron Australia in Barrow Island. This was the first 
application of bentonite outside the US described in the literature. The results showed that 
the highly compressed nature of the nodules results in limiting hydration during the free-fall 
period until the nodule reached the intended depth. The researchers considered the use of 
bentonite was successful due to a cost saving of up to 50% and its Health, Safety and 
Environmental (HSE) benefits. The environmental benefits were as follows: 
 Small operational footprint (determined by the size of the service rig needed to 
prepare the well) 
 No well-site spills (Zonite nodules can be picked up by hand) 
 No need for cementing chemicals or additives (The Zonite itself contains no 
additives) 
 Flexibility of the Zonite plug at downhole since it adjusts its shape with casing 
movements. (This greatly reduces the risk of future communications to surface via 
casing failures) 
The health and safety benefits include:  
 Minimal pressure testing (depending on local regulations) 
 No need for cementing chemical or additive. 
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Idialu et al (2004) mentioned the successful application of bentonite nodules to plug 
swamp wells and offshore wells in Nigeria. They claimed that the wells could cost between 
$7,000 and $20,000 to plug. Another finding was that early planning and execution of a 
well abandonment will ensure a trouble free project execution and assisted project control. 
 
Lemke et al. (2012) provided a comprehensive stepwise well abandonment procedure 
to successfully plug coalbed methane (CBM) wells in Wyoming. Their procedure outlines 
the following steps: 
 fill the well with bentonite,  
 use a wireline to find the bentonite top,  
 fill the well with fresh water,  
 leave enough time for the bentonite to hydrate, 
 Pressure test the plug, cap the well after successful pressure testing.  
 
Performance of Bentonite under Perforations 
As shown in figure 6, Boardman (2001) has investigated the application of bentonite 
nodules to plug perforations (6 – 101 Hours). The time of this test was 4 days and the 
results showed that the bentonite nodules have the ability to plug perforations.  
 
             
Figure 6: Performance of Bentonite Nodules in Perforations (6-101 hours) 
(Boardman, 2001) 
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A separate test using cylindrical shape plugs as shown in figure 7 is running in the 
University of Queensland to test the performance of bentonite plugs under 
perforations and crossflow.  
 
Figure 7: Schematic of Perforation Test in the University of Queensland 
 (Towler,2016) 
The latest field trial in Queensland Gas Company well was in a water well called 
Bellevue GW3 that has been successfully performed in a 133.197 meter (437 ft) 
perforation interval. The bentonite plugs held 3447.37 kPa (500 psi) after 21 days and 6 
months test and cylindrical shape plugs performance is tested under large perforated 
interval. 
Performance of Bentonite under Cavity Shots  
Boardman (2001) performed a separate test to examine the performance of 
bentonite nodules under cavity shots for 819 hours (34.1 Days). The performance of the 
nodules is shown in Figure8. Nodules were fully hydrated; however, the seal was not 
trustable for permanent abandonment. It was recommended to recover the tubing and 
abandon the well in casing. 
                    
Figure 8: Performance of Bentonite Nodules in Cavity Shots (2 – 819 hours) 
(Boardman, 2001) 
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Permanent Abandoning of Wells with Tubing  
It is an accepted practice to recover the tubing and pumps as they are saving cost for 
the organization (They are even called jewellery). As shown in figure 9, it is a 
recommended practice to use rig or cranes to pull out the tubing.  
 
                 
Figure 9: Recovery of Tubing (Boardman, 2001) 
 
However, the tubing can be left in the well and be permanently abandoned. The well 
should be checked to have good well integrity. Wells can be plugged by setting a bridge 
plug inside the tubing and filling the whole column above with cylindrical bullet shape 
plugs. The tubing burst design and packer setting pressure need to be checked to be 
higher than the pressure test of the bridge plug and load test (bridge plug testing pressure 
plus pressure due to height of the plug).    
 
2.5 Coefficient of Friction Investigations 
The ability of bentonite to seal wellbores is dependent on its ability to withstand the 
applied pressure. This depends on its applied frictional force against the wall and its ability 
to withstand applied shear forces internally. The estimation of the coefficient of friction 
between the plug and casing allows us to mathematically predict the pressure differential 
capability of the plug. It is also a measure of cohesiveness between the bentonite and the 
steel casing. Towler and Ehlers (1997) theoretically investigated this factor. They proposed 
an equation to estimate the coefficient of friction to calculate the pressure that the 
bentonite plug can withstand. This theory only relies on the strength of the frictional force 
created by the plug weight at the wall, neglecting the expansive force of the hydrating 
bentonite and that failure may occur due to internal shear forces. The shear strength may 
or may not be stronger than the wall frictional strength. This aspect has never been 
investigated, although some of the data measured by Taylor et Al. (2008) and Lemke et al. 
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(2012) suggests that long bentonite plugs may fail in shear rather than due to frictional 
forces.  
There are two terms in the calculation of pressure (one term is gravity and the other 
term is friction).The equation by Towler et al. (1997) is as follows: 
   
ܲ ൌ ܭ௕ߩ௪ ቀସ௅ೢு஽ ൅
ଶఊ್ுమ
஽ ቁ ൅ ߩ௪ሺܮ௪ ൅ ߛ௕ܪሻ  (1) 
 
Where Kb, is the friction coefficient of bentonite on the casing, H is the height of the 
bentonite plug, Lw is the height of water above the bentonite, D is the casing internal 
diameter, ߩ௪is water density time acceleration due to gravity and γb is the specific gravity 
of the hydrated bentonite. 
 
Figure 10 is showing the schematic of well abandoning for equation 1 to 3: 
 
 
 
Figure 10. Schematics of Abandoning a Well with Bentonite, Cement, Gravel and Water 
(Equation 1-3) 
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The first term in the right hand side of equation 1defines frictional and second term 
defined the gravitational pressures. Frictional terms are much larger than the gravity 
terms(Towler et al, 1997). Towler and Ehlers (1997) work implies that there is a parabolic 
relationship between the height of the bentonite and the pressure it can withstand 
(dislodgment pressure). This is in contrast to the results of Chevron researchers who 
assumed that the relationship between the height of bentonite and the pressure it can 
stand is linear (see Engelhard et al. (2001), Clark and Salisbury (2003) and Idaliu et al. 
(2004)).  
 
The gravitational pressure is dependent on the height of the bentonite plug, the height 
of any water and gravel above the bentonite and the casing internal diameter. The 
frictional term is dependent on the weight of the plug and the height of the water column 
above it. Using equation 1, Towler and Ehlers (1997) showed that a 30.48 meter(100 ft) 
hydrated bentonite plug in a 0.1397 meter(5 ½ inch) casing would be capable of containing 
a pressure of 168921.5 kPa(24,500 psi). This pressure is more than adequate for most 
plugging purposes. The equation indicates that increasing the height of the column of 
water leads to an increase in the dislodgment pressure, which also serves to keep the 
bentonite hydrated. In their experiments, Towler and Ehlers (1997) determined the 
coefficient of friction, Kb, to be 0.8 +- 0.13 for hydrated plugs made from granulated 
bentonite. Later, Towler et al. (2008) determined the coefficient of friction to be 1.8 for 
hydrated plugs made from compressed bentonite bars.  
 
The most important term in equation 1 is the second frictional term due to height of the 
bentonite plug. Equation 1 suggests that the friction coefficient, Kb, for the plugs can be 
determined from the slope of a plot ofܲ െ ߩ௪ሺܮ௪ ൅ ߛ௕ܪሻversusߩ௪ ቀସ௅ೢு஽ ൅
ଶఊ್ுమ
஽ ቁ. The plot 
presented by Towler and Ehlers (1997)is shown in figure 11. The friction coefficient, Kb, 
was estimated as 0.8 as shown in figure 11. It should be noted that the slope of the graph 
shown in figure 11 (0.3478) representsߩ௪ 	ൈ ܭ௕, where the units are in psi/ft since the 
pressure gradient of water is 0.433 psi/ft. The calculated coefficient of friction from the 
slope of the plot in figure 11 is 0.803.  
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Figure 11. Determination of Coefficient of Friction(Towler and Ehlers, 1997) 
 
Later, Towler et al (2008)concluded that the scatter in this data is related to the 
moisture content, with the coefficient of friction decreasing as moisture content increases.  
 
Equation 1 also needs the specific gravity of the hydrated bentonite, and this 
parameter depends on the degree of hydration. Brunton (1988) has reported the density of 
bentonite particles as 2457 kg/m3 (2.457 g/cc), while Clark and Salsbury (2003) and Idialu 
et al. (2004) have reported the density of their compressed bentonite nodules (Zonite) as 
2050-2200 kg/m3 (2.05-2.2 g/cc).  Englehardt et al. (2001) also used the same density 
values for compressed bentonite nodules and further indicated that the hydrated bentonite 
has a density of 1750 kg/m3 (1.75 g/cc). In another study by Towler et al. (2008), they 
measured the density of compressed bentonite bars as 2310 kg/m3 (2.31 g/cc). The value 
of the density of hydrated bentonite depends on the moisture content, but Towler and 
Ehlers (1997) had used a value of 1616 kg/m3(1.616 g/cc) without considering the 
variation due to the moisture content. Later, Towler et al. (2008) gave a more detailed plot 
of the relationship between bentonite density and moisture content. Overall, the range of 
densities measured for hydrated bentonite is 1489 to 1846 kg/m3 (1.489 to 1.846 g/cc). To 
determine the relationship between the hydrated density of bentonite plugs and their 
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moisture content, an empirical equation was derived by plotting the experimental data of 
Towler et al. (2008) as shown in figure 12. 
 
 
 
Figure12.Moisture Content – Hydrated Density Relationship (Towler, 2016) 
 
Towler and Ehlers (1997) also provided a plot based on Equation 1, which shows the 
dislodgment pressure for different heights of bentonite plugs in steel casings of different 
sizes. The graph is shown in Figure 13.These results shows that dislodgement pressure 
can have both linear and parabolic relationship with height of bentonite plugs. 
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Figure 13. Dislodgment Pressure for Different Height of Bentonite Plug 
(Towler and Ehlers, 1997) 
 
Towler et al. (2008) conducted a series of experiments using bentonite bullets with 
different levels of water content. Their test results showed that the bullet expansion varied 
from 85% to 300% depending on the plugs moisture content. They measured the 
coefficient of friction between hydrated bentonite plugs and their steel casing as 1.886. 
This compares to the previous value of 0.8 for hydrated bentonite pellets in steel (Towler 
and Ehlers, 1997). This suggests that these compressed bentonite bars are producing a 
stronger plug than the raw bentonite pellets reported by Towler and Ehlers in 1997. They 
reported one data point for plastic pipes with coefficient of friction of 0.083, indicating that 
the bentonite plugs are more effective in bonding to steel than to plastic. Their results 
showed that coefficient of friction is a function of the moisture content of the hydrated 
bentonite. As shown in figure 14, as the moisture content increases the coefficient of 
friction decreases, which is related to the decrease in the density of the hydrated bentonite 
and the reduced strength of the hydrated bentonite. However, the relationship is not linear.  
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Figure 14. Effect of Moisture Content on Coefficient of Friction  
 (Towler and Ehlers (1997)) 
 
2.6 Failure Mode of Bentonite Plugs  
 
Towler et al.(2015) have postulated that there could be two mechanisms that would 
cause the bentonite to fail, depending on whether the frictional force or the shear strength 
is weaker. In a recent unpublished study by Hywel-Evans and Towler, they derived the 
failure pressure for each mechanism and their results are summarized and utilized here. 
 
Considering the forces on the bentonite plug itself, the frictional force that the plug 
exerts against the wall is given by: 
 
ܨݒ ൌ 	௄್ఘ್௚ுమ	గ	஽ଶ       (2) 
 
Towler and Ehlers (1997) had previously shown that, if there is a column of water 
and a column of gravel on top of the hydrated bentonite plug, it will increase the frictional 
pressure and if we add in the total weight of the plug as well as the weight of the column of 
water and column of gravel then the pressure to overcome the frictional strength of the 
plug will be slightly more complicated: 
36 
 
 
… 
ܲ ൌ 	2ܭ௕ߩ௕݃ܪ
ଶ
ܦ ൅	
4ܭ௕ߩ௪݃	ܮ௪ܪ
ܦ ൅
4ܭ௕ߩ௚݃	ܮ௚	ܪ
ܦ ൅ ߩ௪	݃	ܮௐ ൅ ߩ௚	݃	ܮ௚൅ߩ௕	݃	ܪ								ሺ3ሻ  
Where, P is the dislodgement pressure that results from the vertical force Fv, Lw is the 
height of water column above the bentonite and Lg is the height of gravel column above 
the bentonite, which, in these experiments is set to zero.  
 
Thus, based on equation 3 the pressure required to overcome the frictional forces has 
a parabolic relationship with the height of plug and is inversely proportional to the diameter 
of the plug.  
 
Figure 15 is showing the force balance generating the pressure terms in the equations 
(1) and (3): 
 
 
 
Figure 15. Force Balance (Force1 and 2 are dislodging, Force3 is horizontal friction force 
and Force 4 is the resisting and 5 is showing the force balance) 
 
Therefore, the equation 2 is narrowed down to the following equation (No water and 
gravel are used on top of the plugs. The plugs were filled with water until top of the plug)  
 
												ܲ ൌ 	 ଶ௄್ఘ್௚ுమ஽ 	െ		ߩ௕	݃	ܪ																																				(4)  
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Kb: Dimensionless  
P: Dislodgment pressure (psi)  
ρb: Bentonite density, gr/cc 
D: Hydrated plug diameter, ft 
H: Hydrated plug height, ft 
 
The slope of plot of P + ρb g Hvs2 Kbρb g H2 π / D will be Kb. This equation is used for 
all the force and coefficient of friction calculation in next chapters. 
 
If the shear strength is weaker than the frictional strength, then Towler et al. (2015) 
have shown that the failure pressure will be: 
 
	
ܲ ൌ 	4	Ʈ௦ܪܦ 																											ሺ5ሻ  
 
Where, Ƭs is the shear strength of the plug. Therefore, the pressure to overcome the 
internal shear forces is directly proportional to the diameter of the plug. In this case, if we 
measure the pressure that cause plugs of different heights and diameter fail due to the 
failure of the shear strength. If we plot the data as P vs 4H/D, the slope of the plot will be 
Ƭs.  
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Chapter3: Equipment Design  
 
3.1 Lab Equipment Introduction 
The aim of this research is to calculate friction coefficient between hydrated bentonite 
plugs and casing wall, evaluate dislodgement pressure and investigate the hydrated plug 
height and dislodgement pressure relationship, hydration time, plugs swelling (vertical and 
horizontal) and plug failure mode.  
The following sections introduces our lab equipment. List of equipment used in the lab 
experiments are as following: 
 
 Low force dislodgement press (20 kN) 
 High force dislodgement press (50 kN) 
 Casing (hydration cells) 
 Laboratory (small mixer) 
 Cement (big mixer) 
 Scale  
 
The low force dislodgment press was used to press and dislodge the hydrated plugs. 
The press is equipped with a hydraulic hand pump, which is connected to the ram with the 
same size of inside casing diameter. This press is used to produce up to 1kN(224.8 lb) 
force (equivalent to 150 psi) for short plugs:4-6 cm (0.13 – 0.19 ft). Figure16 shows the 
press parts including the hydraulic pump, dislodging ram and casing holder. This press is 
used in first round of experiments (small plug sizes). 
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Figure 16: Low Force Dislodgement Press 
 
 
The high force dislodgment press was used to dislodge the bullet shape plugs in round 
2 and 3 of experiments. The press is equipped with an electronic hydraulic pump, which is 
connected to a ram with the same size of inside casing diameter. The ram has two 
different sizes for two internal diameter casing size, 0.12 meters (4.8 inch) and 0.53 meter 
(20.8 inch). This press is used to produce up to 50kN force for larger plugs. Figure17 
shows the press parts including the hydraulic pump, dislodging ram and casing holder. 
This press has three advantages comparing to the small press. These include the 
electronic pump instead of hand pump, higher dislodgment forces and a winch to move 
casing holder up and down. The details of tool is mentioned in Standard Operating 
Procedure prepared by Amin Mortezapour and Bryan Hong (2016). 
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Figure 17: High Force Dislodgement Press (50 Us Ton) 
 
The casing height used in our tests is 0.8 m (2.62 ft)with two internal diameters,0.889 
m (3.5 inch) and0.12 meter (4.72 inch). Figure 18 shows the casing preparation and setup.  
 
 
 
 
 
 
 
 
 
 
Figure 18: Casing (Hydration Cell) used in the experiments to test the hydration time 
and dislodgment pressure of bentonite  
 
. Figure 19 is showing different mixer sizes were used to mix polymer, water and 
bentonite and make the plug mixture homogenous. This process was performed prior to 
pressing the plugs with the mechanical press.  
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Figure 19: Small and Large Mixers 
 
Figure 20 shows the press used to make bullet shape plugs. The bullet shape help 
proper placement of plug during the abandoning operation and prevent bridging and early 
hydration. This press is pressurizing the bentonite mixture up to 13789.51 kPa (1070.8 psi) 
in a bullet shape and the pressure is hold up to 30 seconds. The details about the press 
structure and setup is described by Wilson (2016)and standard operating procedure made 
by Mortezapour (2016). 
 
 
              
 
Figure 20: Mechanical Press to Produce Bullet Shape Plugs  
 
Figure 20 press was used to make bullet shape plugs. 
 
Figure 21 shows the schematic of bullet shape plug and dimensions. 
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Figure 21: Schematic of Plugs Sizes 
 
H1: External height (In) 
H2: Internal height (In) 
D1: Plug internal hole diameter 
D2: Plug intermediate diameter 
D3: Plug external diameter 
 
Tables A4 and A5in appendix 1-2 show the dimension of two different external 
diameter size plugs (D3), 0.088 meter (3.5 inch) and 0.139 meter (5.5 inch) plug 
dimensions, for 30 different experiments that was performed in the third round 
experiments. 
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Chapter4: Experimental Methodology 
 
4.1 Experiment Material  
Bentonite 
Gurulmundi mine bentonite was used to make cylindrical shape bentonite plugs in all 
forty-four experiments and field trial on Queensland Gas Company water well in Surat 
Basin. Data sheet from AMCOL Australia Pty. Ltd. determined that a minimum of 94 
percent of the product consist of Montmorillonite. (Table1) 
 
Table1: Chemical Composition of AMCAL Bentonite 
 
Scogings (2014) published results of representative whole rock chemistry for ten 
bentonite samples from boreholes across the mine site. (Table 2) 
 
Table 2: Representative Whole Rock Major Element Chemistry 
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The comparison of both data shows higher SiO2 and less Al2O3. The sodium to calcium 
ratio (Na2O/Cao) is quite variable and is showing the ranges from 0.9 to 3.25 suggesting 
the heterogeneity across the mine.  
Heinz Holl (2016) has done clay analysis on Gurulmundi mine bentonite, which shows 
two different grain size families. The <2μm fraction is dominated by sodium 
montmorillonite and <5 μm fraction mainly contains calcium montmorillonite. 
 
Binding Agent (Polyvinylpyrrilodone-PVP)  
Polymer was used to avoid the colloidal suspension and effectively aid the swelling of 
bentonite and help to reduce the swelling beyond the region where it loses its structural 
integrity and plugging capability. The particles that are uniform in size are more 
homogenous and has less chance for colloidal suspension.  
Billy Wira Anugerah et al. (2015) at the University of Queensland performed 
experiments with bentonite in small-scale pipe (height of 0.08 meter (0.262 ft)and 29 
mm(1.14 in) diameter) using Queensland Gurulmundi mine bentonite. They pressed 
bentonite in 3 samples on 80, 140 and 200 Mpa pressure and let them hydrated for 7 
days. Their results showed that bentonite swelled over its cohesive limit and failed to form 
a plug. They used a polymer called polyvinyl pyrrolidine (hereinafter-called PVP) as a 
binding agent to control the swelling properties of bentonite. Their test results showed that 
the application of polymer could control the swelling properties of bentonite limited to 4 
percent. (Figure 22) 
 
 
Figure 22: Application of Polymer (PVP)to Control the Swelling Properties of Bentonite 
(Anugerah et al. (2015)) 
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As part of this research, bullet shape plugs with 3 percent polymer (PVP) and 3 percent 
water were hydrated for 48 days to measure the dislodgement pressure and test the 
vertical continuity of the plugs. The results of these experiments confirms the limit of 4 
percent polymer to control the swelling properties of Queensland bentonite.  
The Polyvinyl Pyrrolidine(PVP) provided by Transchem was used for this experiment.  
Table 3 shows the chemical properties including appearance, PH, viscosity, impurity and 
sulphated ash. 
 
Table3: Chemical Properties of Polyvinyl Pyrrolidine (Binding Agent)  
 
 
 
Tap water was used for performing these experiments. 
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4.2 Experiment Design and Methodology:  
Variables affecting the bentonite plug long-term integrity, performance and 
consequently the dislodgment pressure are: 
 Composition of bentonite(water and polymer percent) 
 Mixture of bentonite (water and polymer percent) 
 Grain size distribution of the dried and crushed (D&C) bentonite agglomerate 
 Size of plug 
 Casing inner diameter 
 Height of plugs (dry and hydrated height) 
 Hydration time 
 Shape of the plugs (cubic shape)  
 
4.2.1 First Round Experiments: Investigating the Effect of Polymer on Plug Strength 
and Effect of Shape, Water on Top of Bentonite and Plug Height on 
Dislodgement Pressures 
 
The first round of experiments were designed with single cylindrical shape plugs to 
test the effect of polymer, water to bentonite height ratio, evaluate the dislodgement 
pressure ranges to guide through the next round of experiments and decide the plug 
making procedure. Figure 23 shows the schematic of the plugs.  
 
 
 
 
 
 
 
Figure 23: First Round Experiment Schematic 
 
Experiment procedure designed as following: 
The initial tests to investigate the performance of bentonite plugs in the presence of 
polymers were performed in a 0.5meter (1.64 ft) cell. The procedure was as following:   
 
Water Height  
Bentonite Plug Height   
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1- Mix polymer (PVP) as the binding agent (4-10 %), Bentonite and Water (5-10 
%) 
2- Compress the bentonite mixture to cylindrical shapes up to 20 tons using the 
low force dislodgment press 
3- Add water to the top of the plug as illustrated in figure 23 and leave it to be 
hydrated  
4- Monitor the plugs till it stops swelling by daily checking of the vertical height of 
the plugs (usually 7-10 days is enough to check the swelling as the vertical 
height increase stops) 
5- Dislodge the plug and read the dislodgement pressure with low resolution 
gauge 
 
Table 4 shows the detailed percentage of water and PVP and water to bentonite ratio 
for different experiments: 
 
 
Table 4: First Round Experiment Description 
 
  
 
The press and casings shown in figure 16 and 18 were used to press the bentonite 
plugs in the first round of experiments. 
 
The initial height of the plugs were within 0.04 – 0.06 meter (0.131 – 0.196 ft) with the 
same diameter as the internal casing diameter0.12 meter (4.72 inch). The top of the plugs 
1 4 9 10
2 5 10 1.7
3 4 14 S
4 4 8 1.7
5 5 5 0.88
6 7 7
Water 
Added 
1289 gr 
from top 
and 
bottom 
gradually
Experiment 
Round
Number 
of
 Experiments 
6
Experiment 
Number
Experiments 
Description
Number 
of 
Plugs
1 Plug
PVP 
Percent
Water 
Percent
Water to 
Bentonite 
Height 
Ratio
First 
Round 
Experiments
1) Test the Effect 
of Polymer on 
Plug Strength 
2) Test the Effect 
of Plug Shape, 
Water on Top of 
Bentonite and 
Plug Height on 
Dislodgement 
Pressures
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was filled with water with 1 to 1 ratio of plug height to the water height (for example: a 4 cm 
plug length was topped with 4 cm water). This experiment was designed to test the 
performance of polymer and test the hydration time to reach the maximum swelling. This 
experiment just considered the vertical swelling of the plugs. (There were no place for 
horizontal swelling of the plugs.) 
 
In every experiment the height of the plugs after final swelling and dislodgement 
pressure were measured. (Final swelling was monitored by measuring the height increase 
of the plugs and dislodgement pressure) 
 
Table A8 in the appendix 1-2 is showing first round experiment results. 
 
 
Following is the analysis of the experiment: 
 
 Experiment#1: Water to bentonite height ratio was set as 10 to 1 in this 
experiment. The plug fall part in the first instance. The lesson learned from this 
experiment was to control the amount of water on top of the plug to avoid the 
plug failure in real well status. In this experiment, the gravity forces due to the 
column of water is much higher than the resisting frictional forces. From this 
experiment onward, It was decided to keep the water to bentonite ratio as 1-2 
to 1. It is recommended to fill the whole column of well with water and bentonite 
plugs to avoid plug failure with too much water on top of bentonite plugs. 
 
 Experiment#2: In this experiment, the water to bentonite ratio was considered 
as1.7.Higher dislodgment pressure was seen which was related to high internal 
swelling pressure. (There were not enough room for the bentonite plug to swell 
horizontally and this made plugs to swell internally). The calculated coefficient 
of friction using the existing theory is 4875. The high value of coefficient of 
friction is showing there are other swelling forces that is not considered in 
derivation of equation 1 in 1997 model, (Towler, 1997 model). Our research 
group is working to develop an equation to add swelling forces to this equation. 
However, this is out of the scope of this work. Table 5 summarizes the friction 
coefficient calculation summary. 
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Table 5: Experiment 2 - Coefficient of Friction Calculation Summary 
 
  
 Experiment#3: It was decided to add water gradually 50 g per day. The plug 
became dry and had low dislodgement pressure. The conclusion from this 
experiment was to keep the top of plugs hydrated. The same situation may 
happen inside the well if the plugs are not well hydrated. It is recommended to 
fill the well with water till the top to make sure the plugs are in contact with 
water and are not dry. Also, another lesson learned is when dropping the plugs 
inside the well, the distance from wellhead to the top of water should be low 
enough to avoid plug bursting. If this distance is too large, the plugs should be 
placed with the use of wire to control the placing and velocity of plug 
placement. 
 
  
Figure 24: Experiment 3 Result (Weak and Dry Plug) 
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 Experiment#4 and 5: The water to bentonite ratio kept as 1.7 to 1 and 0.9 to 1. 
The amount of mixed water was also kept at 5-11 percent. These experiments 
also showed low dislodgment pressure. 
 
 Experiment#6: Bentonite particle sieved with less than 3 mm sieve and dried. 
1289 g water added gradually with half an hour time interval from Top and 
Bottom of the plug. Bentonite were also dried. These plugs also showed low 
dislodgment pressure. 
 
Experiment shows swelling index increase up to 1.15. Plug height increases from 0.06 
meter (0.2ft) to 0.07 meter (0.24 ft). Plug density reduced over time from 1600 kg/m3 (1.6 
gr/cc) up to 1gr/cc (1000 kg/m3) depending on the PVP percent. 
Initial moisture content for experiment 1-5 was ranging from 14-24 percent and final 
moisture content was 24 – 40 percent. 
Moisture content and swelling index monitored during Experiment 6 as bentonite 
initially dried and water added gradually. Bentonite showed two stages of swelling. Initial 
rapid swelling up to 28 percent moisture content to compensate lost water and secondary 
slow swelling up to 31 percent. 
At the end of experiment round one, it was decided to change the shape of plugs to 
bullet shape showed in figure 25 as per real status of plugs inside the well. These will ease 
the access of water through the plug middle hole to middle of the plug and the results of 
experiment used for approval of the coming field trial (The same plug shape used in the 
field trial). Furthermore, it was decided to keep top of the plugs filled with water. 
Experiments round 1 did not reach to definite conclusion on polymer percent.  
 
 
 
Figure 25: Schematic of Bullet Shape Plugs (Towler, 2008) 
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Based on the first round experiment result, it is decided to install a high-resolution 
gauge to be able to capture dislodgment pressure data smaller than 100 psi and the 
dislodgement press upgraded to 50 us ton press.  
 
4.2.2 Round 2 Experiments: Investigating Effect of Polymer Percent and Plug Size 
on Bullet Shape Plug Performance 
 
In these experiments, bentonite compressed to bullet shape (as per figure 25) using 
the mechanical press shown in figure 20.These experiments were conducted to test the 
effect of polymer and casing size on bullet shape plugs performance. These experiments 
were used to guide the round 3 experimental design. 
To test the integrity and sealing ability of the bentonite plugs used for plugging CSG 
wells, we conducted a set of experiments on these plugs, which are cylindrical, and bullet 
shape. Figure 26 shows the schematic of the plugs used in the first and second sets of 
experiments and their shape change.  
 
 
 
Figure 26: Second Round Experiment Schematic 
 
These experiments were designed to test the effect of polymer on dislodgement 
pressure (hereinafter called as experiment round 2 - set 1) and compare the dislodgement 
pressure for two internal diameter range casing (plug) sizes (0.12 meter (4.72 inch)) 
and0.162 meter (6.377 in)) (hereinafter called as experiment round 2 - set 2). 
 
Parameters that affect the plug long-term integrity, performance and consequently the 
dislodgement pressure are: 
 Composition of bentonite (Water and Polymer Percent) 
 Homogeneity of the clay in terms of the particle size 
Water  
Bentonit
e Plug
5 0.8 m 
0.22 m 
Water Level 
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 Plug’s shape  
 Plug’s diameter 
 Plug’s height  
 Hydration time 
In this round two sets of experiment were performed: 
 
Round 2 Experiment Set1  
To examine the effect of the binding agent, experiments were conducted for three 
different PVP concentrations, 0, 2 and 10 percent PVP. Table 6 summarizes round 2 set 1 
experiments.  
 
Thus, the procedure is updated to following: 
1. Use mixer to make homogenous plug 
2. Compress bentonite to bullet shape in two different external diameter sizes 
0.0889 meter (3.5 inch) and 0.1397 meter (5.5 inch) using the big press  
3. Compress up to 7382.9 kPa (1070.8 psi) using the big press 
4. Fill water on top of the plug and leave to be hydrated 
5. Monitor the plug till it stops swelling 
6. Dislodge the plug 
7. Measure the dislodgement pressure with high resolution gauge 
 
Table 6 shows the experiment summary: 
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Table 6: Round 2 Experiment Set1Summary - Investigating Effect of Polymer Percent 
(0.23 m (0.754 ft)  Hydrated Plug Height, 0.0889 m (3.5 in) Diameter, 0-10 Percent Polymer and 3 
Percent Water) 
 
Grain size distribution for Queensland bentonite is 0.075 to 11.2 mm range. This 
experiment is used to define the criteria for polymer percent and define the effect of 
polymer on dislodgment pressure. The results of the experiment is showing up to 3 - 4 
percent is enough to avoid the polymer moving to colloidal suspension and control the 
swelling index without reducing the strength of the plug. (Figure 27 is also showing the 
effect of polymer on dislodgment pressures). These results confirms Anugerah et al. 
(2015) results on small scale pipe. Table 7 is showing the dislodgement pressures for 0 to 
10 percent polymer change: 
Table 7: Effect of Polymer on Dislodgement Pressures 
(0.23 m (0.754 ft) Hydrated Plug Height, 0.0889m (3.5 in)Diameter, 0-10 Percent 
Polymer and 3 Percent Water) 
 
 
Table 8 is showing the moisture content measurement for plug top and bottom for 
every set of experiment. Average moisture content on plug top is ranging from 66.9 to 58.2 
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percent based on the polymer percent while on the plug bottom is ranging from 44.8 to 
51.7.  
Table 8: Moisture Content Measurement for Different Polymer Percent 
(0.23 m (0.754 ft) Hydrated Plug Height, 0.0889 m (3.5 in) Diameter, 0-10 Percent 
Polymer and 3 Percent Water) 
 
 
Effect of Polymer on Strength of Bentonite Plugs 
Figure 27 shows application of binding agent has negligible effect on dislodgement 
pressures (1 psi increase up to 4 percent polymer (PVP)). Further increase of polymer 
above 4percent would decrease the dislodgment pressure. However, the application of 
binding agent would control the swelling index to prevent colloidal suspension. 
  
Figure 27: Effect of Polymer on Dislodgment Pressure 
(0.23 m (0.754 ft) Hydrated Plug Height, 0.0889 m (3.5 in) Diameter, 0-10 Percent 
Polymer and 3 Percent Water) 
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Figure 28 shows that the increase of polymer percent above 3 to 4 percent would 
decrease the plug height while hydrating.  
The plug height is decreasing from 0.8 to 0.68 ft.  
 
  
Figure 28: Effect of Polymer on Plug Height 
(0.23 m (0.754 ft) Hydrated Plug Height, 0.0889 m (3.5 in) Diameter, 0-10 Percent 
Polymer and 3 Percent Water) 
Figure 29 shows moisture content is increasing from 56 to 60 percent by increase from 
0 to 2 polymer percent and reducing to 52 percent by increase to 51 percent. Every 1 
percent PVP increase above marginal 3-4 percent value would decrease the moisture 
content by 1 percent. Considering Abel Carlos Jacinto et al. (2016) work and water in the 
intrapore particle, result of our research shows that 3-4 percent polymer will fill the empty 
space in the intra particle pore which helps the structural integrity of the plug. Above 3 - 4 
percent polymer will make the plugs weaker. 
  
Figure 29: Effect of Polymer on Moisture Content 
(0.23 m (0.754 ft) Hydrated Plug Height, 0.0889 m (3.5 in) Diameter, 0-10 Percent 
Polymer and 3 Percent Water) 
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Experiment Round 2 –Set2: Investigating Effect of Height on 
Dislodgment Pressures(Strength of Bentonite Plugs) 
To investigate the effect of plug diameter on its integrity, two casing sizes with internal 
diameters of 0.088 meter (3.5 inch) and 0.139 meter (5.5 inch) were used under same 
experimental conditions including the mixture composition, particle size distribution and 
plug initial height. Table 9 summarizes round 2 set 2 experiments. To vary the height of 
plugs different numbers of plugs of the same size were stacked on top of each other. To 
do so, experiments were conducted using 1, 2 and 3 plugs to investigate the effect of plug 
height on its strength. In these round experiments, the small mixer in figure19 was used to 
mix water and bentonite and make the plugs homogenous. (This step added to round 1 
experiment procedure) 
 
Figure 30 shows the schematic of the test and the plug sizes used in this round 
experiment.  
 
  
Figure 30: Schematic of Second Round Experiment-Set 2 
(0.28 – 0.67m (0.91 – 2.19 ft)Hydrated Plug Height, 0.09 m (3.24 inch)Hydrated 
Plug Diameter and 3 Percent Water) 
 
Table 9 and 10 shows the round 2 experiment numbering, measurements and results. 
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Table 9: Round 2Experiments- Set2 Results Summary 
(0.28 – 0.67 m (0.91 – 2.19 ft) Hydrated Plug Height, 0.09 m (3.24 inch) 
Hydrated Plug Diameter and 3 Percent Water) 
 
 
 
 
 
 
Table 10: Round 2 Experiments- Set 2 Results Summary 
(0.28 – 0.67 m (0.91 – 2.19 ft) Hydrated Plug Height, 0.09 m (3.24 inch) Hydrated Plug 
Diameter and 3 Percent Water) 
 
 
 
Table 11 shows the moisture content measurement for plug top and bottom for every 
set of experiment. Average moisture content on top plug is ranging from 73.5 to 66.8 
percent while the moisture content on the plug bottom is ranging from 38 to 45.7 percent.  
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Table 11: Moisture Content Measurement 
(0.28 – 0.67 m (0.91 – 2.19 ft) Hydrated Plug Height, 0.09 m (3.24 inch) Hydrated Plug 
Diameter and 3 Percent Water) 
 
 
 
Round 3: Investigating plug height – dislodgement pressure and 
plug size-dislodgement pressure relationship: 
 
Based on the second round experiment results, it is decided to narrow down the 
parameters to number of plugs and two different casing sizes and repeat every experiment 
5 times. 3 percent polymer is used in this round.  
These experiments were designed to test the casing size -plug height dislodgement 
pressure relationship and compare dislodgement pressure for different plug sizes.  Every 
experiment was repeated 5 times. In this round particle size, composition, plug shape and 
hydration time were kept constant and only the plug height and casing size varied. This 
round experiment had one variable at a time with repeatability of experiments.  
Two sets of experiments is done with single variable. In the first set of experiments  
(experiment 18-32), the variable is number of the plugs (1,2 and 3 plugs) for 0.088 meter 
(3.5 inch) plugs in 0.139 meter (5.5 inch)casing. In the second set (experiment 33-47), the 
same experiment is repeated with 0.139 meter (5.5 inch) plugs in 0.162 meter (6.384 inch) 
casing. Every experiment is repeated 5 times. In total 15 experiment with 0.088 meter (3.5 
inch) size plug in 0.12 meter (4.72 inch) casing and 15 experiments with 0.139 meter (5.5 
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inch) plug in 0.162 meter (6.384 inch) casing. (Detailed experiment description is 
described in table 12) 
 
In other words, the fixed and variable parameters are as following:  
 
1- Fixed parameters: 
 Composition: 3 percent fresh (tap) water and 3 percent polymer 
 Sieve the particles less than 9 mm 
 Plugs are bullet shape and the same size 
 Hydration time fixed (48 Days) 
 
2- Variables parameters: 
 Two casing sizes: 0.0889 meter (3.5 inch)plugs hydrated in0.12 meter (4.72 
inch)casing and 0.127 meter (5 inch) plugs hydrated in 0.162 meter (6.384 
inch)casing 
 Number/Height of the plugs: 1, 2 or 3 (H=n*H1 plug) 
3- Every Experiment: 
 3 - 4 months of work  
 Repeated 5 times 
 
Table 12 summarizes the third round experiments design including experiment 
numbering, number of plugs and experiment description. 
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Table12: Third Round Experiments to Investigate the Effect of Plug Size (Height and 
Diameter) on Its Strength (Dislodgment Pressures) 
 
 
 
Grain Size Analysis  
The first step to control the grain size and make homogenous plugs is to determine the 
grain size distribution. Bentonite was received in bags. 2-Kilogram samples were taken 
from the top, middle and bottom of bentonite bag to check the grain size distribution across 
the bag. Sieve ranges from 0.075 to 11.2 mm were used to sieve the bentonite particles 
within the 2-kilogram sampling size. Figure 31 shows bentonite sampling bag and sample 
containers:  
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Figure31: Bentonite Sampling from the Bag and Sample Containers 
 
Tables A1 to A3 22 in the appendix 1-1 shows the weight percent for particle 
distribution across different places of the bentonite bag. 
 
Figure 32 shows the cumulative distribution plot for 0 – 12 mm grain size distribution 
for samples from top, middle and bottom:  
 
 
 
Figure32: Grain Size Distribution of Bentonite samples across the bag 
 
The distribution curve shows finer grain size at the bottom of the bag. The results show 
that70-90 percent of the bentonite particles are smaller than 9 mm. This particle size is 
significantly smaller than the distance between the outer diameter of the middle hole and 
the outer diameter of the plug (wall) of the bentonite (6.9 - 7.1cm (0.124 ft)) as shown in 
Figure33.This minimises the potential influence of the particle size on the mechanical 
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properties of the plug in long term. Therefore, a 9 mm sieve size was chosen to sieve the 
bentonite to keep the particle size smaller than 9 mm. Figure 34 shows the sieving 
procedure: 
 
 
Figure33: Distance between Outer Diameter of the Middle Hole and the Wall of the 
Plug 
 
             
 
Figure34: Sieving Process of Bentonite using a 9mm Sieve Size 
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4.3 Monitoring the Hydration Rate of Bentonite Plugs  
To investigate the hydration rate of the bentonite plugs, dye was added into two 
bentonite plugs and let them be hydrated for 48 days. Then, the plugs were cut after a 
particular hydration time (48 days)to check the swelling performance of the plugs.  
 
4.4 Experiment Data Measurement 
Moisture Content Measurement of the Hydrated Bentonite Plugs 
The moisture content of the hydrated bentonite was measured using the following two 
methods. 
In the first method, samples were taken from the top, middle and bottom of each plug. 
The samples were dried in an oven and weighed every 30 minutes until the bentonite 
samples stopped losing weight. The moisture content of each sample was calculated using 
its initial and final weights as: 
	
Moisture	Content ൌ 	 ሺInitial	Sample	Weight	 െ Final	Sample	Weight	ሻInitial		Sample	Weight	 	 ∗ 100	.	
 
In the second method, the moisture content was calculated by measuring the weight of 
the added water to the bentonite plug located in a casing until the bentonite plug stopped 
absorbing the water and the water height on top of the plug was constant. The moisture 
content was calculated as:Moisture	Content ൌ 	 ୛ୣ୧୥୦୲	୭୤	ୟୢୢୣୢ	୵ୟ୲ୣ୰୛ୣ୧୥୦୲	୭୤		ୢ୰୷	ୠୣ୬୲୭୬୧୲ୣ.  
 
Figure 35 shows the bentonite samples for measuring the moisture content using the 
first method.  
 
 
 
 
 
 
 
 
Figure 35: Bentonite Samples for Measuring the Moisture Content by drying in an oven  
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Density Measurement and Calculation 
 
Dry bentonite density is calculated using following steps:  
 
1- Weighing dry bentonite using the scale 
2- Calculating the volume using (П (D32 – D12)/4)*H(D is the diameter of the plug and 
H is height of the plug) 
3- Dividing the mass over volume 
 
Hydrated bentonite density is calculated using following steps: 
 
1- Weighing hydrated plug plus casing and deducting the casing weight  
2- Calculating the volume using (П (D32 – D12)/4)*H (D is the final diameter of the plug 
and H is final height of the plug)  
3- Dividing the mass over volume 
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Moisture Content Measurement (0.088 Meter (0.288 ft) Diameter Plugs in 
0.139 Meter (5.5 inch) Casing) 
 
Table 13 shows the moisture content measurement for 0.088 meter (3.5 inch) diameter 
plugs.  
Following is the observations for different experiments: 
 
 2 samples with one plug: moisture content is measured as 51 percent 
increasing to 64 percent from top to bottom of the plug 
 2 samples with two plugs: moisture content is measured as 56 percent in the 
top plug decreasing to 52-54 percent in bottom plug 
 2 samples with three plugs: moisture content decreased from 55-57 percent to 
46-52 percent 
 
Moisture content is seen with higher value at bottom of the 1 plug experiment 
comparing to 2 plug and 3 plug experiment. (64 percent comparing to 50 percent). The 
physical reason being water access easier through the middle hole to the bottom of plug in 
one plug case compare to 2 - 3 plugs case.  
The moisture content is measured using oven and the amount of water absorbed to 
cell as described in chapter 3. The average moisture content is 55 percent compare to 51 
percent. (method 1 vs method 2). 
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Table 13: Moisture Content Measurement Method 1 (Using Oven) 
 
(0.088 meter (3.5 inch) diameter plugs in 0.139 m (5.5 inch) Diameter Casing, 0.0889 
m, 3 Percent Polymer and 3 Percent Water) 
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Table 14: Moisture Content Measurement Method 2  
 
(0.088 m (0.288 ft) Height Plugs in 0.139 m (5.5 inch) Diameter Casing, 0.0889 m, 3 
Percent Polymer and 3 Percent Water) 
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Moisture Content Measurement Comparison by Different Methods 
 
Figure 36 shows the plot of moisture content measurement by method 1 (Oven) vs 
method 2 (water adsorption for different plug height). The measurements shows 10 
percent measurement difference.  
 
Figure 36: Moisture Content Measurement Difference 
(0.088 m (0.288 ft) Height Plugs in 0.139 m (5.5 inch) Diameter Casing, 0.0889 m, 3 
Percent Polymer and 3 Percent Water) 
 
Moisture Content Measurement  
(0.139 Meter (5.5 inch) Diameter Plugs in 0.162 Meter (6.384 
inch)Diameter Casing) 
 
Table 15 is showing the moisture content measurement for 0.139 meter (5.5 inch) 
diameter plugs. Following is the observations for different experiments: 
 
 2 samples with one plug: moisture content is measured as 40 percent in top of 
plug increasing to 44 percent in bottom of the plug 
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 2 samples with two plugs: moisture content is measured as 33 percent in top 
plug increasing to 37 percent in bottom plug 
 2 samples with three plugs: average moisture content measured as 35 percent  
 
The average moisture content for 0.139 meter (5.5 inch) plugs is observed as 36 
percent. Moisture content is 42 percent on experiments with 1 plug and 36 percent for 
experiments with two plug and three plugs.  
 
 
Table 15: Moisture Content Measurement 
(0.139 m (5.5 inch) Plug Diameter in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
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CHAPTER FIVE 
 
RESULTS AND DISCUSSION 
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Chapter 5: Results and Discussion  
 
5.1 Dislodgement Pressure  
Table 16 shows the measured dislodgment pressure of bentonite plugs. The 
dislodgement pressure results suggest that the 0.088 meter (3.5 inch) diameter plugs 
made from Queensland bentonite after 48 days hydration can hold 13 ± 3 psi and 0.139 
meter (5.5 inch) diameter plugs can hold 30 ± 3 psi. 
 
Table 16: Dislodgement Pressure and Pressure Gradient of the Hydrated Bentonite Plugs 
(3%PVP and 3% water) 
 
  
The result of current experiment is showing parabolic and linear relationship both 
matching the result of this research.  
 
5.2 Coefficient of Friction Calculations 
5.2.1 Unit Consistency in Equation to Calculate Coefficient of Friction 
(Kb) 
The following equation is used to calculate the coefficient of friction (Kb) in second and 
third round experiments:  
 
ܲ ൌ 	 ଶ௄್ఘ್௚ுమ஽ 	െ		ߩ௕	݃	ܪ																									(6)  
The units in the equation must be consistent, for example:  
Pressure: lb-force/ ft2 
Kb: Dimensionless  
P: dislodgment pressure, lb-force/ ft2 
Average 
Plug 
Size 
Average 
Dislodgment 
Pressure
Gradient Average Plug 
Size 
Average 
Dislodgment 
Pressure
Gradient
Ft Psi Psi/ft Ft Psi Psi/ft
0.87 14.75 16.99 0.90 28.47 31.76
1.58 15.29 9.70 1.70 49.52 29.06
2.23 24.71 11.10 2.48 77.96 31.45
3.5" Plugs 5.5" Plugs
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ρb: Bentonite Density, slugs/ft3 
D: Hydrated plug diameter, ft 
H: Hydrated plug height, ft 
g: acceleration due to gravity, ft/s2 
 
If we plot	ܲ ൅	ߩ௕݃ܪ	ݒ݁ݎݏݑݏ	 ଶ	ఘ್௚ு
మ
஽ the slope of this plot will be Kband the intercept is 0.  
 
Units on the left hand side of this equation is pressure, measured here in psi. For 
consistency, units on the right hand side of this equation should also be psi also. In this 
section, we will review the units per term.  
For term 1:    ૛	࣋࢈ࢍࡴ
૛
ࡰ  
 Bentonite density (ρb): is reported in g/cc. For the purpose of this equation, it is 
converted to lb/ft3 (1 g/cc = 62.4 lb m/ft3). 
 
 acceleration due to gravity equals to 32.2 ft/s2(9.81 m/s2) 
 
 Considering the equation F = ma, 1 lbf = 32.2 lbm * 1ft/s2. This will be used as 
conversion factor in the above term. 
 
 H2/D is ft2 / ft. The result will be in ft. 
 
If the above values considered in the whole equation: 
 
Term 1= 2 * 62.4 lbm/ft3 * 32.2 ft/s2*ft* (1lbf *s2/ 32.2 lbmft) 
 
If we cancel the terms, the resulting equation unit will be lbf/ft2. To have the whole 
equation in psi, denominator should be multiplied by144 in2 / ft2(to convert ft2to in2). 
 
In other words, the whole term1 will be psi if above conversions is considered: 
 
Term1: 2 * 62.4 * ρb* H2/ (D * 144) 
 
ρb: Hydrated plug density (g/cc) 
H: Hydrated plug height (ft) 
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D: Hydrated plug diameter (ft) 
 
Term 2: P + ρb g H 
 
Dislodgment pressures are recorded in psi.  
 
Bentonite density (ρb): it is reported in g/cc. Conversion factor 62.4/144 is used to 
convert to psi/ft. 
 
H: reported in ft 
 
The whole equation is divided by 144 to convert ft2to in2. 
 
P(psi) = ρb (g/cm3) * 62.4 * H (ft) /144 
 
This equation did neglected the swelling forces. 
 
5.2.2 Coefficient of Friction Calculation for Round 2 Experiments 
Equation 2 is applied to round 2 experiments set 2, in which the polymer percent was 
changed and coefficient of friction was calculated for different polymer percentages. Figure 
37 shows the results for the calculated coefficient of friction. Coefficient of friction is 7 at 0 
percent PVP, increasing to 11 at 6 percent and decreasing to 9 as PVP percentage 
reduced to 10. This shows the horizontal forces including swelling and friction forces 
increase as the polymer percent increases up to 4 percent.  
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Figure 37: Coefficient of Friction versus Polymer Percent 
(2nd Round Experiment Set 1 Results) 
 
5.2.3 Coefficient of Friction Calculation for Round 3 Experiments  
Figure 38 shows the results of round 3 experiments applied to equation 2. Coefficient 
of friction was calculated as 1.92 using equation 6 for 0.088 meter (3.5 inch) diameter 
plugs in 0.139 meter (5.5 inch) diameter casing and 0.0889 meter diameter. The following 
figures is showing the plots of P ൅	ρୠgH	versus	 ଶ	஡ౘ୥ୌ
మ
ୈ  whose slope represents Kb if the 
intercept is equal to zero. 
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Figure38:Coefficient of Friction Calculation 
(0.088 m (3.5 inch) Height Plugs in 0.139 m (5.5 inch) Casing, and 3 Percent Polymer and 
3 Percent Water) 
 
Figure 39 shows that the coefficient of friction is calculated as 5.5 considering equation 
6 theory for 0.139 meter(5.5 inch) diameter plugs.  
 
  
Figure 39: Coefficient of Friction Plot 
(0.139 m (5.5 inch) Diameter Plugs in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
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5.3 Dislodgment Pressure –Plug Height Relationship 
Figure 40, 41, 42 and 43 shows the dislodgment pressure - plug height relationship. 
These results show that both linear and parabolic models can be fitted into the measured 
dislodgment pressure of the tested plug heights. This indicates that, longer plugs are 
needed to investigate the relationship between the dislodgment pressures and plug height. 
The current cell height (0.8 meter) in the experiments performed in this research is not 
long enough to allow us to investigate the linear/parabolic relationship. Further 
experiments with longer plugs are needed to investigate this relationship. 
 
  
Figure 40: Dislodgement Pressure – Plug Height Linear Relationship 
(0.088 m (3.5 inch) Diameter Plugs in 0.139 m (5.5 inch) Casing, 0.0889 m Diameter, 3 
Percent Polymer and 3 Percent Water) 
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Figure 41: Dislodgement Pressure – Plug Height Parabolic Relationship 
(0.088 m (3.5 inch) Diameter Plugs in 0.139 m (5.5 inch) Casing, 0.0889 m Diameter, 3 
Percent Polymer and 3 Percent Water) 
 
 
  
Figure 42: Dislodgement Pressure – Plug Height Parabolic Relationship 
 
(0.139 m (5.5 inch) Diameter Plugs in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
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Figure 43: Dislodgement Pressure – Plug Height Parabolic Relationship 
 
(0.139 m (5.5 inch) Diameter Plug in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
 
 
5.4Moisture Content - Hydrated Plug Height Relationship 
Figure 44 shows the moisture content of 0.088 m (3.5 inch) plug diameters for three 
different plug heights. The results show that the moisture content reduces from 32 to 26 
percent as the hydrated plug height increases.   
 
 
Figure 44: Moisture Content vs Hydrated Plug Height 
(0.088 m (3.5 inch) Height Plugs in 0.139 m (5.5 inch) Casing, 0.0889 m Diameter, 3 
Percent Polymer and 3 Percent Water) 
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Figure 45 shows the moisture content of 0.139 m (5.5 inch) plug diameters for three 
different plug heights. As shown in figure 45, moisture content reduces from 52 to 47 
percent by increase of the plug height from (0.243 –0.67) meter (0.8 to 2.2 ft). These 
trends can be explained by the number of plugs and their volume as less volume is 
available for 1 plug compares to 3 plugs to adsorb water. 
 
 
Figure 45: Moisture Content vs Hydrated Plug Height  
(0.139 m (5.5 inch) Plug Diameter in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
 
Coefficient of friction is calculated for the existing theory for two plug sizes. This 
coefficient of friction can be used with existing equation for calculation of plug sizes 
required to plug a water well. The calculated coefficient of friction and moisture content are 
summarized in table 17. The results show that the friction coefficient reduced with increase 
of moisture content (plug height). 
 
The calculated coefficient of friction and moisture content are summarized in table 17. 
The results show that the friction coefficient reduced with increase of moisture content 
(plug height). 
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Table 17: Moisture Content - Coefficient of Friction for Different Plug Sizes 
(3% PVP and 3% water) 
 
  
 
5.5 Force Calculation 
Figure 46 is showing the force balance and direction of forces. Based on the existing 
theory discussed in the literature, forces are calculated as following:  
 
 Positive forces: 
o Dislodgement forces = P * A (Dislodgement Pressure * Surface Area) 
o Gravity forces = ρb g H * A 
 
 Resisting forces: 
o Friction forces = 2 Kbρb g H2 π / D 
 
 
Figure 46: Illustration of Forces in Hydration Cell 
 
Table 18 and 19show the dislodgment, gravity and friction force calculations based on 
the existing theory for plug diameters of 0.088m and 0.139 m respectively. The results 
show that the dislodgment forces increase from 817.2 to 2228.1N by increasing the 
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number of plugs from 1 to 3 (0.088 meter (3.5 inch) plug diameter). Gravity forces increase 
from 45.3 to 122.9 N and resisting friction forces increase from 146.81 to 1108.46 N. 
Figure 47 presents the calculated forces vs different hydrated plug height. Gravity forces 
are negligible compared to other forces.  
 
 
Table18: Force Calculations  
(0.088 m (3.5 inch) Diameter Plugs in 0.139 m (5.5 inch) Casing, 0.0889 m Diameter, 3 
Percent Polymer and 3 Percent Water) 
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Figure 47: Force Calculations  
(0.088 m (3.5 inch) Diameter Plugs in 0.139 m (5.5 inch) Diameter Casing, 0.0889 m 
Diameter, 3 Percent Polymer and 3 Percent Water) 
 
The results shown in table 19 indicates that the dislodgment forces increase from 
3058.1 to 11789.2 N by increasing the number of plugs from 1 to 3 for the 0.139 meter (5.5 
inch) plugs. Weight forces increase from 99.1 to 287.3 N and resisting friction forces 
increase from 253.78 to 1986.31 N. These results are shown in figure 48.  
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Table 19: Force Calculations  
(0.139 m (5.5 inch) Diameter Plug in 0.162 m (6.384 inch) Casing, 3 Percent Polymer and 
3 Percent Water) 
 
 
 
 
 
Figure 48: Force Calculations  
(0.139 m (5.5 inch) Diameter Plug in 0.162 m (6.384 inch) Diameter Casing, 3 Percent 
Polymer and 3 Percent Water) 
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5.6 Dye Experiment Result (Monitoring of the Water Diffusion in 
the Plug)  
Figure 49 shows water diffusion in bullet shape plugs using a dye in two periods. Time 
period1 is 1 hour and is showing rapid movement throughout the plug. The second 
experiment is showing gradual movement in 9 days period.  
The results show that water penetrates from middle hole to the bottom of the plug in 
the first stage and then moves into the cylindrical shape of the plug to the side of plugs in 
the second stage. The first stage makes the internal hole swelling and the second stage 
makes the horizontal swelling to fill the gap between the plug and casing wall. 
 
 
Duration: 1 Hour 
 
 
Duration: 9 Days 
 
Figure 49: Dye Experiment Result  
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For further investigation of the hydration of bentonite plugs, another test was 
performed by hydrating 0.088 meter (3.5 inch)diameter plugs for 25 days and cutting them 
from middle as demonstrated in Figure 50. The result shows wetter bentonite in the middle 
and drier section close to the plug wall. Further plug cut tests were discussed for 0.088 
meter (3.5 inch) diameter and 0.139 meter (5.5 inch) diameter plugs with 46 days 
hydration time and 2 sampling for every set of experiments in the next section. (This is 
performed in third round experiments for all 6 set experiments discussed in table 1 and for 
every set of experiments 2 sampling were performed). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 50: Water Diffusion – 0.088 m (3.5 inch) Diameters Plugs (25 Hydration days) 
 
Figure A1 to A13 in Appendix 1-3 and 1-4 is showing plug cuts for 1, 2 and 3 plugs 
for different plug sizes after 46 days hydration. The results and horizontal/vertical swelling 
is discussed in the discussion and analysis section.  
Bullet shape plugs has three type of swelling: 
 Horizontal swelling to fill the distance between the plug and casing 
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 Vertical swelling to change the bullet shape to cylindrical shape and connect 
the plugs vertically  
 Middle hole swelling to fill the middle hole  
 
The plug height measurement shows 7-10 days hydration is enough for vertical 
hydration as the plug vertical height increase stops and swelling index is 1.1 and 1.2. (The 
figures 51 and 52 shows the plug vertical height increase data for 0.0889 meter (3.5 inch) 
diameter and 0.139 meter (5.5 inch) diameter plugs)  
 
Plug cuts after 46 days hydration shows the plugs are vertically connected, the middle 
hole is filled and horizontal swelling is completed. In other words, 46 days hydration time is 
enough to vertically connect the plugs. However, the plugs are partially hydrated and more 
hydration time is required for full hydration. (Test on Wyoming bentonite shows 180 
hydration days is required for full plug hydration and another test using Queensland 
bentonite is running at the time of submitting this report to reconfirm the 180 days 
hydration time). 
 
  
Figure 51: 0.0889 m (3.5 inch) Diameter Plugs Change in Height vs Hydration Time 
(Experiment number 18-31) 
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Figure 52: 0.139 m (5.5 inch) Diameter Plugs Change in Height vs Hydration Time 
(Experiment number 30-44) 
5.7 Plug Failure Mode 
 
Plug failure mode is definitely frictional as the plugs moves downward vertically 
without falling apart. It simply moved down under the action of the applied force and 
regripped the wall.  
 
5.8 Field Trial and Future Suggestions for Field Trials 
 
Based on the results of first round experiment, Queensland Department of Natural 
Resources and Mines approved the first field trial in Australia using bullet shape plugs in 
Queensland Gas Company water well Bellevue 3, which was done successfully in 26 
August 2016. Figure 53 shows the sequence of operation.  
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Figure 53: Field Trial on QGC Water Well 
 
 
 
 
5.9 Latest Updates and Suggested Plan for Future Field Trials 
 
Our latest update from industry gained through presentation in SPE conferences 
and technical meeting are: 
 
Santos 
 
Santos technical drilling engineers estimation is they have around 100 onshore oil 
and gas wells to be plugged in Cooper Basin in next 5 years (Most of these wells are 
available to be plugged as of today). The main challenge is as following: 
 Higher temperature 473.15 °K (200 °C) make hot water which affects our operation 
for possible plug bridging and long term strength of the plug (literature review shows 
the strength of bentonite is tested up to 311.75 - 323.15 °K(38 -  50 °C).  
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 Deeper wells than our first field trial in Queensland 1219.2 – 1524 meter (4000 - 
5000 ft) 
 Option of leaving the tubing downhole to avoid the tubing removal (Rig 
Requirement) 
 
Further technical investigation need to be done on the missing challenges. The cost 
of abandoning a well in Cooper basin is forecasted as AUD$ 500,000.Santos drilling 
manager and reservoir team lead showed interest in giving us a dead oil well in Cooper 
Basin with no production for our second trial. 
 
Woodside  
 
Woodside has about 5 – 10 offshore wells which need the abandoning starting in 
next 5 years. In the next 10 years 20 wells is coming available for decommissioning. They 
are foreseeing the cost of abandoning as 20 million$. Main challenges as of today: 
 Rig requirement to remove the wellhead 
 CO2 production from offshore wells 
 
Chevron Australia 
 
Application of bentonite to plug Barrow Island wells stopped due to gas leak from 
well. Further investigation proposed to understand the mechanism of gas flow in clays.   
The above technical outcomes resulted out of technical discussions. Related 
operators can reconfirm the accuracy of the numbers and technical facts.  
 
It is suggested to perform the third field trial in Cooper Basin as successful 
application of the technology would open the door to Woodside offshore wells. 
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Chapter 6 - Conclusions and Recommendations  
 
This thesis reviewed results of worldwide field trials and latest field trial in Surat basin 
using Queensland Bentonite and studies on plugging wells with bentonite and the major 
conclusions are as follows: 
 Bentonite application has major HSE benefits.(safe placement of plugs on 
predetermined depth, safer environmental effect compare to cement and rehealing 
ability of bentonite compare to cement)   
 Plugging wells with bentonite has a 20-50 percent cost saving compared to cement. 
This is local experience in Barrow Island. This numbers need to recalculated using 
the cost estimates in Queensland abandoning practice. 
 The calculated coefficient of friction between bentonite and casing steel was 
calculated to be between 0.8 and 1.8. Calculation in this round experiment showed 
1.92 for 0.0889meter(3.5 inch) diameter plugs and 5.5 for 0.139 meter (5.5 inch) 
diameter plugs 
 The calculated coefficient of friction shows that internal swelling forces should be 
considered as a separate term in the equation and more experimental work is 
required to calculate and evaluate internal swelling forces.  
 The relationship between the height of a bentonite plug and the pressure it can seal 
should be investigated as it has been suggested to be both linear and parabolic by 
different researchers. The result of this research is showing the laboratory results 
can be matched to both linear and parabolic model. Further work is suggested on 
larger casing size than 80 cm to test the relationship.  
 The plug failure mode is observed as frictional for all 30 experiments in third round 
experiments. 
 Coefficient of friction has a diverse relationship with moisture content 
 Coefficient of friction is calculated for the existing theory for two plug sizes. This 
coefficient of friction can be used with the existing equation for calculation of plug 
sizes required to plug a water well with the same casing size  
 Plug cuts are showing 46 days hydration time is enough to fill the middle hole. The 
bullet shape of plugs are hydrated and connected. Full hydration need to be further 
investigated with more hydration time. 
 Moisture content measured as 0.47 – 0.53 for 3.5“dry plugs reducing with plug 
height and0.28 – 0.32 reducing with plug height 5.5”dryplugs:  
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 3 Percent Polymer is enough to avoid colloidal suspension. Further polymer percent 
would reduce the strength of the plugs and dislodgement pressure 
 The first field trial in Queensland on QGC water well was successful. Further lab 
work is proposed to test the performance of plugs under oil, methane and CO2 for 
future trials in Surat, cooper and offshore wells in Western Australia. 
 Different researchers have investigated the effect of Salinity. It is recommended to 
displace the saline water inside the well prior to bentonite abandoning project.  
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Appendix1  
 
1-1 Distribution of plug sizes for samples from top, middle and bottom of the bag 
 
Table A1: Distribution of Grain Size at Top of Bentonite Bag 
 
 
Table A2: Distribution of Grain Size at Middle of the Bentonite Bag 
 
 
Table A3: Distribution of Grain Size at Bottom of the Bentonite Bag 
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1-2 Plug dimensions and mass for plugs used in 30 experiments in third round 
experiments 
 
Table A4: 0.088 m (3.5 inch) Plugs Sizes for 30 Experiments 
 
 
Experiment
 Number 
Number 
of 
Plugs
Sample D2 (ft) D3 (ft) H1 (ft) H2 (ft) Mass (kg)
18 1 0.164 0.295 0.666 0.581 1.977
19 2 0.164 0.292 0.659 0.577 1.961
20 3 0.164 0.292 0.666 0.584 1.973
21 4 0.164 0.292 0.666 0.584 1.971
22 5 0.164 0.292 0.666 0.571 1.97
23 6 0.164 0.292 0.656 0.571 1.966
23 7 0.164 0.292 0.666 0.577 1.961
24 8 0.164 0.292 0.663 0.581 1.972
24 9 0.164 0.295 0.656 0.567 1.962
25 10 0.164 0.292 0.663 0.577 1.954
25 11 0.164 0.292 0.666 0.581 1.962
26 12 0.164 0.295 0.656 0.571 1.956
26 13 0.164 0.292 0.663 0.577 1.963
27 14 0.164 0.292 0.656 0.567 1.956
27 15 0.164 0.292 0.669 0.584 1.953
28 16 0.164 0.292 0.659 0.577 1.953
28 17 0.164 0.295 0.659 0.574 1.936
28 18 0.164 0.295 0.656 0.571 1.938
29 19 0.164 0.292 0.663 0.577 1.944
29 20 0.164 0.292 0.656 0.571 1.936
29 21 0.164 0.292 0.656 0.574 1.934
30 22 0.164 0.292 0.663 0.577 1.946
30 23 0.164 0.292 0.640 0.561 1.937
30 24 0.164 0.292 0.659 0.574 1.936
31 25 0.164 0.292 0.656 0.564 1.93
31 26 0.164 0.292 0.649 0.567 1.912
31 27 0.164 0.292 0.659 0.577 1.94
32 28 0.164 0.292 0.663 0.577 1.939
32 29 0.164 0.292 0.656 0.567 1.926
32 30 0.164 0.292 0.656 0.567 1.93
1
2
3
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Table A5: 0.139 m (5.5 inch) Plugs Sizes for 30 Experiments 
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Table A6: 0.088 m (3.5 inches) Casing Weights  
 
 
 
 
 
 
 
 
 
 
Mass
Kg
1 23.9
2 23.9
3 24.2
4 24.1
5 23.7
6 24.3
7 24.1
8 24.2
9 24.3
10 24.0
11 23.9
12 23.4
13 24.0
14 24.1
15 24.0
Casing 
Number 
98 
 
Table A7: 0.139 m (5.5 inch) Casing Weights 
 
 
 
  
Mass
Kg
1 27.51
2 27.47
3 27.13
4 27.64
5 27.28
6 27.62
7 27.17
8 27.48
9 27.74
10 27.29
11 27.30
12 27.53
13 27.06
14 27.42
15 27.47
Casing 
Number 
99 
 
Table A8: Experiment 1-6 Results 
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1-3 Pictures of plug cuts for 1 plug, 2 plug and 3 plugs for two plug sizes 0.088 m 
(3.5 inch) and 0.12 m (4.72 inch) after 46 Days Hydration Time  
 
 
 
 
 
 
Figure A1: 0.088 m (3.5 inch)Size 1 Plug - Casing #3  
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Figure A2: 0.088 m (3.5 inch) Size 2 Plugs– Casing#6 
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Figure A3: 0.088 m (3.5 inch) 2 Plugs - Casing#9 
 
 
  
 
 
  
 
Figure A4:0.088 m (3.5 inch) 3 Plugs - Casing#11 
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Figure A5:0.088 m (3.5 inch) 3 Plugs Casing#13 
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Figure A6:0.088 m (3.5 inch) 3 Plugs Casing#14 
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Figure A7:0.088 m (3.5 inch) 3 Plugs Casing#15 
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1-4 5.5 Inch Experiments Plug Cut 
 
 
  
 
  
 
  
Figure A8: 0.139 m (5.5 inch) 1 Plug Casing#1 
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Figure A9: 0.139 m (5.5 inch) 2 Plugs Casing#6 
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Figure A10:0.139 m (5.5 inch) 2 Plugs Casing#9 
 
 
 
 
  
Figure A11: 0.139 m (5.5 inch) 3 Plugs Casing#11 Plug Cut 
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Figure A12: 0.139 m (5.5 inch) 3 Plugs Casing#13 Plug Cut 
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Figure A13: 0.139 m (5.5 inch) 3 Plugs Casing #14 Plug Cut 
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Nomenclature 
 
 
P: Dislodgement pressure (Psi) 
 
Kb: is the friction coefficient of bentonite on the casing 
 
H: is the height of the bentonite plug 
 
Lw: is the height of water above the bentonite 
 
D: is the casing internal diameter  
 
γb: is the specific gravity of the hydrated bentonite  
 
ρb: density of bentonite 
 
ρw: density of water 
 
 
 
 
 
